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a  b  s  t  r  a  c  t
Owing  to the  capricious  wear  of  cutting  tools,  ultra  precision  manufacturing  of  silicon  through  single  point
diamond  turning  (SPDT)  operation  becomes  a challenging  task.  It  thus  becomes  non-trivial  to  understand
the contribution  of  temperature  and crystal  orientation  during  the SPDT  process  in order  to suppress  tool
wear.  Molecular  dynamics  (MD)  simulation  is  an appropriate  tool  to  study  nanoscale  processes  occurring
at the  femtosecond/picosecond  timescale  which  cannot  otherwise  be  studied  experimentally  or  by  the
ﬁnite  element  method  (FEM).  Accordingly,  MD  simulation  has  been  deployed  with  a realistic  analytical
bond  order  potential  (ABOP)  formalism  based  potential  energy  function  to simulate  the  single  point  dia-
mond turning  operation  of single  crystal  silicon  in  order  to  understand  the  inﬂuence  of  temperature  and
crystal orientation  on the  tool  wear  mechanism.  Results  showed  the  strong  inﬂuence  of crystal  orien-
tation  on  the  wear  resistance  of  a  diamond  tool;  cubic  orientation  performed  better  than  dodecahedral
orientation.  It was  also  observed  that high  pressure  phase  transformation  (HPPT)  in  the cutting  zone  was
accompanied  by  the  formation  of  dangling  bonds  of  silicon.  Under  the inﬂuence  of cutting  temperature,
the  newly  formed  dangling  bonds  of  silicon  chemically  combine  with  the  pre-existing  dangling  bonds  on
the  surface  of the  diamond  tool  resulting  in the  formation  of silicon  carbide  (SiC),  the  main  appearance
of  which  was  evident  at the  tool  ﬂank  face.  Continuous  abrasion  of  the  diamond  cutting  tool  with  SiC
causes  sp3–sp2 disorder  of the  diamond  tool.  Hence,  both  these  processes  proceed  in tandem  with  each
other.  The  mechanism  proposed  here  is  in good  agreement  with  a recent  experimental  study,  where
silicon  carbide  and  carbon  like  particles  were  observed  using  X-ray  photoelectron  spectroscope  (XPS)
technology  after  machining  a silicon  wafer  with  a diamond  tool.
Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.
1. Introduction
Silicon is the second most abundant material in the earth’s
crust and constitutes 90% of total revenue of all semiconductor
industries combined together. Additionally, it is an ideal optical
material for weight sensitive infrared (IR) applications and other
high added value products such as X-ray optics and X-ray interfer-
ometers. Single point diamond turning (SPDT) is one established
way of obtaining mirror ﬁnished surfaces on a variety of brittle
materials [1–5]. SPDT offers the highest efﬁciency for generating
complex shapes with good quality optical surfaces right up to the
edge of the element [6] and hence is preferred over other ultra
precision manufacturing processes such as grinding and polish-
ing. SPDT was established for manufacturing of silicon during the
late 1980s exploiting a so-called “brittle–ductile transition (BDT)”
phenomenon [7–9]. However, ductile regime machining of large
size silicon components by SPDT becomes a challenging task due
∗ Corresponding author. Tel.: +44 01314513197; fax: +44 01314513129.
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to rapid degradation of the diamond tool by the wear causing a
sudden transition of the material removal mechanism from duc-
tile mode to brittle fracture in the cutting region with consequent
deterioration to the quality of cut.
A lot of experimental work has been done so far to characterize
the tool wear [10–13].  However, the time scales over which these
experiments have been conducted are too long to permit any direct
observation of the phenomena occurring at the atomic level which
normally take place at the femtosecond to picosecond timescale.
This is the reason that experimental studies cannot reveal much
more than what is already known and hence were unsuccess-
ful addressing the root cause of tool wear. Therefore, molecular
dynamics (MD) simulations have been employed to simulate nano-
metric turning processes since the 1980s [14,15]. However, most of
the simulations performed to date have assumed either a rigid tool
or have utilized a Morse potential energy function to demonstrate
the inﬂuence of cutting variables on the tool wear [16–19] including
the one reporting the formation of “dynamic hard particles” [20].
Earlier studies have not taken account of the fact that the Morse
potential function is di-atomic pair-potential which involves the
interaction of only two  atoms to obtain the resulting force and
0043-1648/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.
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hence is not robust enough to describe covalent bond interactions
between silicon and diamond. Hence, a more realistic potential
energy function may  produce better insights into SPDT of silicon.
Therefore, this paper adopts an ABOP formalism based three-body
potential energy function proposed by Erhart and Albe [21] to
describe the interactions within and between the diamond tool
and single crystal silicon workpiece to understand the inﬂuence of
temperature and crystal orientation on tool wear. Using the simu-
lation results, a mechanism has been proposed which is in excellent
agreement with a recently reported experimental study.
2. MD  simulation
A  public-domain computer code, known as “Large-scale
atomic/molecular massively parallel simulator” (LAMMPS) [22]
was used to perform the MD  simulation while Visual Molecular
Dynamics (VMD) [23] and OVITO [24] were used for the enhanced
visualization of atomistic data. The following paragraphs give
details of the implementation of this code for the simulation in
hand.
2.1. MD  simulation model
The essence of nanometric cutting simulation through MD is
simply a classical solver of Newton’s second law of motion, where
the atoms in the Newton and thermostatic zones are assumed to
follow Newton’s second law as follows:
aix =
Fix
mi
= d
2xi
dt2
, Fix = −
dV
dxi
(1)
where aix represents the ith atom’s acceleration in the x direction
and mi is the mass of the ith atom. Fix is the interaction force acting
on the ith atom by the jth atom in the x direction, xi is ith atom’s
x-coordinate and V is the potential energy function. A schematic
diagram of the nanometric cutting simulation model is shown in
Fig. 1. The model developed in this work is based on a ﬁxed base
and side which was found more appropriate to study nanometric
cutting process [25]. Moreover, negative tool rake angles have been
found more conducive to machine brittle materials so the model
incorporates this [15].
Both the single-crystal silicon workpiece and the diamond cut-
ting tool were modelled as deformable bodies in order to study
the tribological interactions between the two. This is in contrast
to previous simulations which have assumed the cutting tool to
be a rigid body, a reasonable assumption if the focus of interest
is the mechanism of nanometric cutting rather than the tool wear
[17,26,27].  In the simulation model shown in Fig. 1, the cutting
tool and workpiece are divided into three different zones: Newton
atoms, thermostatic atoms and boundary atoms.
The boundary atoms are assumed to remain unaffected during
the simulation and thus remain ﬁxed in their initial lattice positions,
serving to reduce the boundary effects and maintain the symme-
try of the lattice. In conventional machining operations, the energy
from plastic deformation in the primary shear zone and friction
at the tool-chip interface generate heat, which is carried away by
chips and lubricants, and is conducted into the tool and workpiece.
The nanometric cutting model is, however, extremely small and is
not capable of dissipating the cutting heat itself. The motion of the
thermostatic atoms is therefore re-scaled to a temperature of 300 K
at every time step. The velocity of the atoms can be used to compute
the local temperature of the atoms using the relationship between
kinetic energy and temperature:
1
2
∑
i
miv2i =
3
2
NkbT (2)
where N is the number of atoms, vi represents the velocity of the ith
atom, kb is the Boltzmann constant (1.3806503 × 10−23 J/K) and T
represents the atomistic temperature. However, the instantaneous
ﬂuctuations in kinetic energy per atom would be very high so these
are averaged temporally and/or spatially over few timesteps and
reassigned to each atom at every N steps to be converted into equiv-
alent temperature. It should be noted here that the movement of
the tool will also contribute to the kinetic energy so the component
of tool displacement was accordingly subtracted and incorporated
in the simulation.
Dislocations play a crucial role in the plastic deformation of
materials. The thermal vibrations of atoms at ﬁnite temperatures
make it difﬁcult to observe dislocations during MD  simulations. The
widely used methods for tracing such dislocations and other lattice
defects are coordinate number, slip vector and centro-symmetry
parameter (CSP). Owing to thermal vibration of atoms, CSP has been
proposed as an effective measure compared to other methods [28].
A CSP can be computed using the formula:
CSP =
N/2∑
i=1
|−→Ri + −−−−−→Ri+(N/2)|2 (3)
where N nearest neighbours of each atom are identiﬁed and Ri and
Ri+(N/2) are vectors from the central atom to a particular pair of
nearest neighbours. Thus, the number of possible neighbour pairs
is N × (N − 1)/2. More details about CSP have been furnished else-
where [29].
2.2. Selection of potential energy function
The accuracy of the potential function governs the reliability
of an MD simulation. The analytical bond order potential (ABOP)
formalism based potential energy function proposed by Erhart and
Albe [21] can describe both dimer and bulk properties of silicon, for
this reason, is claimed to be better than the bond order potential
(BOP) formalism based Tersoff potential energy function [30,31].
Additionally, it is a three-body potential function which allows
formation and breaking of bonds during the machining simula-
tion which is vital in understanding tool wear. Therefore, ABOP
formalism was  used to describe Si Si, C C and Si C interactions
as follows:
Total energy E =
∑
i>j
fc(rij)
⎡
⎢⎢⎢⎣VR(rij) −
bij + bji
2︸ ︷︷  ︸
bij
VA(rij)
⎤
⎥⎥⎥⎦ (4)
where E is the cohesive energy which is the sum of individual bond
energies with following repulsive and attractive contributions:
VR(r) =
D0
S − 1 exp[−ˇ
√
2S(r − r0)] (5)
VA(r) =
SD0
S − 1 exp[−ˇ
√
2/S(r − r0)] (6)
where D0 and r0 are the dimer energy and bond length. The cutoff
function is given by:
fc(r) =
⎧⎨
⎩
1 r < R − D
0 r > R + D
1
2
− 1
2
sin
(

2
r − R
D
)
|R − r| ≤ D
(7)
where parameters R and D specify the position and the width of the
cutoff region. The bond order is given by:
bij = (1 + ij)−1/2 (8)
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Fig. 1. Schematic of MD simulation model.
Table 1
Potential function parameters used in this study [21].
Si Si C C Si C
D0 (eV) 3.24 6 4.36
r0 (A˚) 2.222 1.4276 1.79
S  1.57 2.167 1.847
ˇ  (A˚−1) 1.476 2.0099 1.6991
  0.09253 0.11233 0.011877
c  1.13681 181.910 273987
d  0.63397 6.28433 180.314
h 0.335 0.5556 0.68
2  (A˚−1) 0 0 0
R  (A˚) 2.9 2 2.4
D (A˚) 0.15 0.15 0.2
ij =
∑
k( /=  i,j)
fc(rik) exp[2(rij − rik)g(ijk) (9)
and angular function is given by:
g() = 
(
1 + c
2
d2
− c
2
d2 + (h + cos )2
)
(10)
The potential function parameters used in the simulation are listed
in Table 1.
2.3. Equilibrium lattice parameter
Use of inappropriate lattice parameters in an MD  simulation will
affect the total energy content of the system. The resulting ther-
mal  ﬂuctuations could alter the deﬁned uncut chip thickness and
other machining parameters during the equilibration. Goel et al.
[32,33] have suggested using the equilibrium lattice parameters to
minimize these thermal vibrations. Accordingly, the equilibrium
lattice parameters as shown in Table 2 were used in the current
Table 2
Comparison of lattice parameters obtained through experiment and calculation.
Material Experimental known
lattice parameter at
300 K (A˚)
Calculated equilibrium
lattice parameter at
300 K (A˚)
Single crystal silicon 5.429 [21] 5.429
Diamond 3.56683 [34] 3.5656
simulation to obtain accurate simulation results. It can be seen that
both experimental and theoretical values are in close agreement
with each other. A close agreement between the equilibrium lat-
tice parameter and experimental lattice parameter is in fact one of
the criteria for the validation of the potential function itself.
2.4. MD simulation setup
The MD simulation model was developed by replicating the
unit cell using periodic boundary conditions. However, the periodic
box dimensions must be chosen carefully. Since the MD  simula-
tion model in the current case has two  diamond cubic lattices
with different lattice parameters i.e. 3.5656 A˚ and 5.429 A˚, for a
3/2 ratio, it will have a mismatch of almost 1.5%. Hence, an arbi-
trary chosen periodic box dimension may  cause a strained system
while generating atoms in the lattice. In order to accommodate
two different lattices with periodic boundaries, the periodic box
dimensions must be chosen so that the lattice parameters are in
an integer relation. Alternatively, this could be compensated by
increasing the size of the simulation model. This was then followed
by energy minimization to avoid overlaps in the positions of the
atoms. The simulation model was equilibrated to 300 K under the
micro canonical (NVE) ensemble and the initial velocities of the
atoms were assigned in accordance with a Maxwell–Boltzmann dis-
tribution. During the equilibration process, the total energy is not
conserved and so the trajectories should not be used to compute
any properties while the potential energy continues to convert to
kinetic energy and vice versa. This procedure causes the tempera-
ture to ﬂuctuate until it becomes stationary. Once sufﬁcient time
has been given for equilibration, the velocity scaling is removed
and the system then follows NVE dynamics. In the current work,
three simulation cases involving different combinations of crystal
orientations were considered. The details of these crystal orienta-
tions along with other variables implemented in the simulation are
listed in Table 3.
3. Results and discussions
It has been widely recognized that it is the high pressure
phase transformation (HPPT), known the Herzfeld–Mott transition
[35] that causes metallization of group-IV elements such as sili-
con and germanium which are brittle at room temperature [36].
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Table 3
Variables used in the MD simulation model.
Workpiece dimensions 42.0743 nm × 4.6353 nm × 3.5656 nm
Number of atoms in the
workpiece and tool
36,657 and 6440 respectively
Cutting edge radius 1.313 nm
Uncut chip thickness/in-feed 1.313 nm
Crystal orientation Three simulation cases were tested:
(i) Cubic orientation of tool with cutting
direction 〈−1 1 0〉 while workpiece was
machined on (1 1 1) orientation.
(ii) Cubic orientation of tool with cutting
direction 〈1 0 0〉 while workpiece was
machined on (0 1 0) orientation.
(iii) Dodecahedral orientation of tool with
cutting direction 〈−1 1 0〉 while workpiece
was machined on (1 1 1) orientation.
Tool rake and clearance angle −25◦ and 10◦
Equilibration temperature 300 K
Cutting velocity 100 m/s
Timestep 0.5 fs
Such transformations are metallic as they cause closure of the
valence-conduction band gap due to overlap of wave functions
and delocalization of the valence electrons [37]. High magnitude
of stress (hydrostatic + deviatoric) cause a phase change of silicon
from its stable diamond cubic (alpha-silicon) to the body centred
tetragonal (beta-silicon) lattice structure [38,39]. The magnitude
of transition pressure causing such transformations in silicon has
been reported to be in the range of 11–13 GPa which brings a simul-
taneous reduction in the atomic volume of silicon by an extent of
22% [40].
Thus, HPPT in silicon the sole reason for the BDT phenomenon
observed experimentally via Raman scattering and laser micro-
Raman spectroscopy [41,42].  In the subsequent sections, the
evidence for HPPT and the consequent effects of temperature and
crystal orientation on tool wear are discussed.
3.1. High pressure phase transformation (HPPT)
Fig. 2 represents the variation in coordination number after the
tool has advanced by 1 nm while the workpiece is machined on an
(0 1 0) surface along the 〈1 0 0〉 direction using the cubic orienta-
tion of the tool. It can be seen from Fig. 2 that the bulk of the single
crystal silicon has a coordination number of 4 which is indicative of
a covalently bonded system in a diamond cubic structure. Coordi-
nation values of 1 and 2 represent termination of bonds (dangling
bonds) on the surface of the silicon workpiece. During nanomet-
ric cutting, atoms with a coordination value of 4 decreased with
a corresponding increase in the number of atoms with coordina-
tion values of 5 and 6. A change in coordination value from 4 to
6 during nanometric cutting conﬁrms the formation of the beta-
silicon structure as observed in the past. Hence, it is reasonable to
Fig. 2. Snapshot showing variation in coordination number after 1 nm of tool
advance.
Fig. 3. Snapshot showing variation in centro symmetry parameter after 1 nm of tool
advance.
conclude that, during nanometric cutting, there occurs a phase
change of silicon from its stable diamond cubic (alpha-silicon)
structure to a body centred tetragonal (beta-silicon) structure.
It is interesting to note that alongside HPPT, few atoms were
also found with a coordination value of 1 or 2 which signiﬁes some
newly formed dangling bonds of silicon at the cutting zone.
Fig. 3 represents the variation in centro symmetry parameter
(CSP) after the tool has advanced by 1 nm while the workpiece
is machined on an (0 1 0) surface along an 〈1 0 0〉 direction using
the cubic orientation of the tool. The zero value of CSP in Fig. 3
corresponds to an atom surrounded by other atoms on a perfect
lattice. The positive value of CSP corresponds to lattice disorder
including the surface atoms. A higher positive value of CSP in the
cutting zone is another conﬁrmation of lattice disorder during the
nanometric machining of silicon. Unlike, coordination number, the
positive value of CSP does not suggest any phase of material and
may  go up to any value depending on the cutting conditions. How-
ever, a comparison of Fig. 2 and Fig. 3 clearly suggests that there is a
lot more consistency in the colour of surface atoms in the CSP mea-
sure compared to coordination number. This in turn conﬁrms that
CSP is a more effective measure of the dislocations/lattice disorder
in a thermally sensitive environment.
3.2. Temperature and its effect
Fig. 4 shows the average temperature rise during the machining
of a silicon workpiece while machining on an (0 1 0) surface along
〈1 0 0〉 direction using the cubic orientation of the diamond tool.
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Fig. 4. Temperature rise during nanometric cutting of silicon.
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Fig. 5. Radial distribution function between atoms of diamond tool and silicon
workpiece.
The maximum temperature (∼750 K) during the simulation was
found to be in the primary shear zone and towards the end of the
ﬂank face of the tool, where silicon atoms recover elastically after
being heavily compressed by the cutting tool. Another observation
worth noting from Fig. 4 is that the average rise in the tempera-
ture of the diamond tool remains steady at a value of around 450 K
until the end of cutting. This stability may  be attributed to the high
thermal conductivity of diamond which enables quick dissipation
of heat. It may  be recalled here that the HPPT in the machining
zone was accompanied by the formation of dangling bonds of sil-
icon. Under the prevailing conditions of high temperature in the
cutting zone and presence of chemically active dangling bonds,
a single phase solid state chemical reaction [43,44] between the
newly formed dangling bonds of silicon with the pre-existing dan-
gling bonds of the diamond tool leads to the formation of silicon
carbide as follows:
Si(s,l,g) + C → SiC (11)
The formation of silicon carbide during the MD simulation was con-
ﬁrmed through the radial distribution between silicon workpiece
and the diamond tool which is plotted at intervals of 10,000 fs in
Fig. 5.
In Fig. 5, at timestep 0, g(r) was  0 which means there was
no existing bond between silicon and carbon before the contact
between the tool and the workpiece. However, with increasing time
or tool advancement, it was observed that a peak continued to grow
at an inter-atomic distance of 1.9 A˚ with a second peak at around
3.08 A˚. It is known that tetrahedral geometry of a compound of sil-
icon and carbon i.e. silicon carbide (SiC) possess the same bond
length and interplanar spacing. Hence, this is a clear indication of
the formation of silicon carbide during SPDT of silicon. The newly
formed silicon carbide further accelerates the wear of the diamond
tool through abrasive processes [32]. In order to suppress wear,
an appropriate coolant can thus be used to regulate the tempera-
ture rise and to create a protective ﬁlm which can reduce chemical
contact between diamond and silicon.
The extent of tool ﬂank wear remains higher than rake wear. This
can be attributed to the temperature gradient on the tool rake and
tool ﬂank face as shown in Fig. 6. It can be seen that the number of
atoms showing an increase in temperature is larger at the tool ﬂank
face than the rake face especially towards the end of the tool ﬂank
face where silicon atoms try to recover elastically. Accordingly, it
is plausible to assert that high temperatures at the tool ﬂank face
will accelerate the rate of formation of silicon carbide. Since silicon
carbide is known to be harder than silicon, abrasion of SiC with a
diamond tool results in sp3–sp2 hybridization of diamond [32], the
eventual outcome of which would be the disordered graphitiza-
tion of diamond. Hence, both these cycles i.e. formation of SiC and
graphitization of diamond tool proceed in tandem with each other
during SPDT of silicon.
The wear mechanism described here seems to conﬁrm the
experimental study where Zong et al. [45] used X-ray photoelec-
tron spectroscope (XPS) to observe silicon carbide and carbon like
particles in the wafer surface layers generated after machining of
single crystal silicon with a diamond tool.
3.3. Inﬂuence of crystal orientation
Sharif Uddin et al. [11] have recommended the use of the dodec-
ahedral orientation of a diamond tool while Cheng et al. [46] have
Fig. 6. Temperature distribution on atoms of diamond tool during machining.
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Fig. 7. Evolution of cutting forces during nanometric cutting.
Fig. 8. Results from MD  simulation showing variation in cutting forces and thrust
forces.
suggested using the cubic orientation in order to have better tool
life. In the present work, three simulation cases were considered
with different combinations of crystal orientations to investigate
their effect on thrust forces.
Fig. 7 shows schematically the orientation of the components of
cutting force acting on the tool. The “cutting force” (Fc) acts in the
x direction, the “thrust force” (Ft) acts in the y direction and Fz acts
in the direction orthogonal to the X and Y planes.
The evolution of various forces while silicon is machined on an
(0 1 0) surface a 〈1 0 0〉 direction using the cubic orientation of the
tool is shown in Fig. 8.
The selection of crystal orientation becomes vital while dealing
with anisotropic materials like diamond. The evolution of thrust
forces with change in crystal orientation can thus be a useful crite-
rion for identifying the appropriate crystal orientation for practical
purposes. Two of the most popularly used crystal orientations for
diamond as a tool material shown in Fig. 9 are the dodecahedral
and cubic orientations.
Table 4 and Fig. 10 show the results obtained for the thrust forces
while cutting silicon with different combinations of crystal orien-
tations of tool and workpiece. It can be seen that the slope and
amplitude of thrust forces is minimum using the (1 1 1) orientation
of the workpiece with the cubic orientation of the diamond tool.
This conﬁrms that cubic orientation of the diamond tool will
provide better tool life as was  suggested by Cheng et al. [46] on
Fig. 9. Popular crystal orientation of the diamond tool. (a) Dodecahedral orientation; (b) cubic orientation.
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Table  4
Calculation of cutting forces with different crystal orientation.
S.N. Orientation of silicon workpiece Cutting direction Orientation of diamond tool Magnitude of thrust forces observed
1 (1 1 1) 〈−1 1 0〉 Cubic Minimum
2 (0  1 0) 〈1 0 0〉 Cubic Intermittent
3 (1  1 1) 〈−1 1 0〉 Dodecahedral Maximum
Fig. 10. Variation in thrust forces using different crystal orientations.
account of its higher micro strength and lower wear rate. Fig. 10
also consistent with the theoretical cleavage energy of the (1 1 1)
plane hence conﬁrming that machining of silicon on (1 1 1) plane
will require least energy.
4. Conclusions
An MD  simulation model has been used to develop a quan-
titative and qualitative understanding of the inﬂuence of crystal
orientation and temperature on tool wear during single point dia-
mond turning of silicon. The following conclusions can be drawn
accordingly:
1. High pressure phase transformation of silicon to form Si-II is a
necessary condition for ductile regime machining of silicon. As
long as this condition is achieved, it is possible to machine silicon
in the ductile regime even with a blunt tool.
2. Formation of silicon carbide and simultaneous sp3–sp2
hybridization of the diamond tool represent the basic wear
cycle of cutting tools during SPDT of silicon.
3. Temperature gradient between the tool rake and ﬂank face cause
relatively higher ﬂank wear which may  be minimized by using
an appropriate coating e.g. Perﬂuoropolyether (PFPE) polymer
on diamond tool.
4. The lower thrust forces with the cubic orientation of the dia-
mond tool compared to the dodecahedral orientation signify that
the cubic orientation is highly wear resistant and hence more
appropriate for practical use.
5. The three-body potential energy function used in the simulation
is far more effective for studying tool wear compared to a pair
potential, such as Morse potential function.
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